The present study was conducted as part of a series of R&D of gasification and reforming technologies aimed at creating a new energy recovery technology from biomass waste. Special emphasis was placed on the production of hydrogen-rich synthesis gas from waste wood via gasification and sequential reforming technology using catalysts. Experiments were conducted employing three types of commercially available nickel-based steam reforming catalysts. Waste wood was supplied as the raw material and the reactor temperature was set at 1023 K (750ºC). The results obtained were as follows: (1) Hydrogen generation can be significantly promoted by using nickel catalysts in the reforming process, as well as by supplying steam directly to the gasification process. (2) Nickel catalysts were also found to reduce the quantities of tar and toxic materials deleterious to gas utilization, such as hydrogen sulfide. (3) A nickel catalyst containing CaO was verified to exhibit superior catalytic performance, with the synthesis gas having a maximum hydrogen content of 57vol% and the lowest tar level converted from the wood material when the catalyst was utilized at 1023 K.
Introduction
There is growing interest in the recovery of energy and useful materials from waste to achieve a sound material-cycling society. The growth in power generation associated with the incineration of municipal solid waste (MSW) is evidence of the development of energy recovery. However, problems are encountered in the generation of power from the produced steam due to the limitations with respect to its pressure and temperature. The recovery of gas components from MSW and/or biomass is consequently attracting increasing attention. Among such gases, hydrogen is considered to be a clean fuel since only water is emitted during its combustion, and it is expected to be a major energy resource in the so-called hydrogen society of the future. H 2 has mainly been produced by steam reforming of natural gas or petroleum (1) , (2) . However, new methods of producing it from various materials such as biomass waste can also be developed.
The establishment of a technology for producing H 2 from waste as an alternative energy resource is desirable from the perspectives of effective waste recycling, reduction of fossil fuel consumption, and prevention of global warming (3) , (4) . Woody biomass and waste wood have been proposed as substitutes for fossil fuels in the production of H 2 by gasification and reforming. In general, since the concentration of H 2 in the synthesis gas generated from a typical gasification process is lower than 25vol% in the case of biomass being used as the raw material, integrating the gasification process with an internal combustion engine or turbine for power generation is considered to be advantageous compared with the use of such a system for H 2 production (5), (6) . With the development of fuel cell technology, however, it has been proposed that a power generation efficiency of 55% can be achieved by integrating a fuel cell with a hydrogen-rich synthesis gas production process (7) , (8) .
Consequently, catalytic gasification technology for biomass has received widespread attention in recent years as a potential technology for hydrogen-rich gas production. High-efficiency gasification has been demonstrated to be effectively realized from biomass via high-temperature steam gasification treatment, in which the operating temperature is normally required to be maintained above 1273 K (1000 ºC) using oxygen as a gasification agent (7) - (9) . However, since much of the energy of the raw material is consumed in the system to maintain such a high temperature, the system typically has to be designed on a rather large scale to achieve self-sufficiency in thermal energy. Taking the regional characteristics of biomass resources and the limitations of fuel cell capability into consideration, a small-scale H 2 production system with a capacity of up to about 100 t/d is theoretically desirable. For this reason, many researchers have focused their efforts on the development of low-temperature catalytic gasification technology to achieve thermal energy self-sufficiency in such a small-scale system. Nickel catalysts have been used for tests in these studies. It has been reported that Ni catalysts usually exhibit quite high catalytic performance in promoting H 2 conversion from biomass. The major problem of Ni catalysts is that rapid deactivation is easily caused by carbon deposition on the catalyst's surface as well as by H 2 S poisoning (10) , (11) . How to maintain long-term catalytic activity is therefore an important issue. To overcome this disadvantage, noble metals such as Ru and Rh have been employed as catalysts instead of Ni, and excellent results in promoting H 2 conversion as well as less susceptibility to carbon formation have been reported (12) , (13) . However, these metals are not considered to be feasible for commercialization due to scarcity of supply. On the other hand, alkali metal compounds such as CaO and MgO, as well as natural minerals such as dolomite and olivine, have also been extensively investigated in terms of cost reduction. Unfortunately, their poor mechanical strength has so far limited their utilization (14) , (15) .
The purpose of the present study was to evaluate the catalytic performance of three types of general Ni reforming catalysts in promoting H 2 conversion, by clarifying the detailed factors influencing catalytic performance as well as the effects of operating parameters on the characteristics of H 2 conversion. In particular, special attention was paid to the characteristics of tar and dioxins to verify the requirements for establishing an environmental friendly system. other inorganic elements. Since this waste wood had been treated with preservatives, there was concern regarding the possible presence of heavy metals such as Cu, Cd, and As (referred to as CCA) due to evaporation of the metals. Three types of Ni-based commercial reforming catalysts were purchased from Süd-Chemie Catalysts Japan, Inc. (Tokyo). They were originally developed for petrochemical refining and have been demonstrated to be excellent catalysts in promoting the reforming of organic materials. From the property analyses shown in Table 2 , it can be seen that they are different both in shape and composition. Apart from the composition of Ni, about 6wt% of K 2 O and CaO are contained in C-11NK and ISOP, respectively, as a promoter, while G-90LDP contains 13wt% of CaO. 
Experimental facility
A bench-scale gasification unit was built to conduct the experiments. A schematic representation is shown in Fig. 1 . The system essentially consisted of two reactors in series: a primary reactor (gasifier) followed by a secondary reactor (reformer), both made of stainless steel. The primary reactor was designed as an updraft type (55 mm OD, 1390 mm H) and the secondary reactor as a packed bed type (55 mm OD, 1640 mm H), both preheated by electric heaters. Two distributors were used, one set in the bottom of the gasifier to support the feedstock, and the other in the center of the reformer to support the catalyst. All of the pipelines were maintained at above 573 K by mantle heaters. Steam and oxygen were employed as oxidizing agents. Fig. 1 Schematic representation of the experimental flow system After the reactors had been preheated to the desired temperature and held there for two hours, the feedstocks were sequentially supplied to the conveyor pipe from a hopper through a screw-feeder, and immediately carried into the gasifier by a nitrogen carrier. Steam and oxygen (oxidizing agents) were preheated above 773 K (500 ºC) and their mixture was supplied from the bottom of the gasifier. As the gaseous mixture passed through the distributor, the feedstock was blown upwards, appeared in co-current state in the gasifier, and was heated by the electric heater, causing a gasification reaction and escape of the volatile materials from the feedstock accompanying decomposition. The raw gas stream left the reactor and entered a cyclone cylinder, where char was removed. Tar remained in the high-temperature raw gas stream and was carried into the secondary reactor, where it was reformed by steam on the surface of the reforming catalyst, to be converted into light gas components such as H 2 , CO, CO 2 , and CH 4 .
Three thermocouples were set in the gasifier at distances above the distributor of about 150, 500, and 1000 mm, to measure the temperature of the decomposition zone, gasification zone, and outlet of the raw gas, respectively. Two thermocouples were also set in the reformer, one buried in the catalyst bed and the other set about 50 mm below the catalyst bed, to determine the temperature of the reforming zone and reformed gas, respectively. A series of temperature gradients with the depth were found in the gasifier and the temperature of the decomposition zone was normally 50 to 100 K lower than the desired temperature because the gasification reaction was endothermic reaction. The temperature of the gasification zone varied around 20 K from the desired value. However, the temperature of the raw gas was generally 723 K. Only a 5 K temperature decrease was found in the reforming zone, although after reforming the temperature of the gas was typically 10 K higher than the desired temperature.
The amount of steam injected was expressed as the ratio of steam to carbon in the feedstock (mol/mol) (S/C ratio), while the amount of oxygen was expressed as the equivalence ratio (ER) that was defined to be the ratio of actual oxygen amount to the amount for complete combustion. Since variations in the feeding rate were found even when the rotation speed of the screw was kept constant, the feeding rate (designed to be 0.12 kg/h) was calculated after experiments according to the amount of feedstock being actually supplied. This caused a lack of uniformity in the operating conditions of the various catalytic experiments.
Sampling and analysis
Two gas sample probes were set in the downstream areas of both the gasifier and reformer. The experiment for a certain catalyst was performed by regularly varying the conditions every hour. While a certain condition was in operation, gas sampling was switched from the gasification line to the reforming line every 30 minutes. The sample gases were induced out of the reactors by gas samplers and introduced into a sequence of six connected tar impingers set in an ice bath. The tar yields and steam were condensed and deposited in bottles. After tar removal, the tar-free gas samples passed through a series of measuring devices to determine the composition of the gas product. H 2 , O 2 , N 2 , CH 4 , and CO were determined regularly every 3 minutes by a Micro-GC 3000 (Agilent Technologies Japan, Ltd., Tokyo). Moreover, CO 2 and hydrocarbons (CnHm: 1 < n) were sequentially determined by a TCD gas chromatograph (Model GC 7000; Shimadzu Corporation, Kyoto) and a total hydrocarbon analyzer equipped with an FID detector (Model THC 7000; Yanaco, Ltd., Kyoto), respectively. The inducement of the gas samplers was frequently adjusted so as to correspond with the quantity of gas.
In the present study, special attention was paid to the measurement of dioxins and heavy metals in the gas product to assess the environmental impact of this newly developed technology. Experiments for measuring dioxins and heavy metals were carried out at 873, 923, 973, and 1023 K. In the gas sampling of these trace products, the pressure of the reactors was maintained at approximately atmospheric pressure. The quantity of gas product during the sampling period was calculated by taking a mass balance of N 2 in terms of the input and output, and then the estimates were checked with the results of the integrated flowmeter, and finally corrected into N 2 -free values. After a series of clean-up treatments of the liquids as well as adsorbent tubes in which pollutants were collected, dioxins were determined using a HRGC/HRMS (GC: HP-6890 by Agilent Technologies; MS: AUTOSPEC ULTIMA by JASCO International Co., Ltd.) and heavy metals were analyzed using inductively coupled plasma-atomic emission spectrometry (ICP-AES) (VISTA-PRO, Seiko Instruments Inc.).
After the experiments, the reactors and gas lines were washed with acetone, and the tar deposited in the impingers of the tar unit was recovered with hexane. The total tar collected from the gasifier, the cyclone, and the gas line between the two reactors as well as the gasification tar unit was considered to be gasification tar, while that collected from the reformer and its outlet line as well as the reforming tar unit was considered to be reformed tar. Tar materials were simultaneously sampled from the gasification line and reforming line for 8 hours, and the sample solutions obtained by sample clean-up treatment were analyzed using a GC/MS (Model JMS-9: JEOL Ltd., Tokyo).
Results and Discussion

Effects of catalysts on hydrogen production
Since a fuel cell such as a molten carbonate fuel cell (MCFC), which is typically operated in the range of 873 to 1073 K, was a possible choice as the end-user in the present study, the catalytic gasification experiments were carried out at 1023 K to avoid undesirable energy loss caused by temperature variation between the gas producing process and fuel cell. Three catalysts were tested under a series of similar operating conditions. The results obtained with only steam supply into the gasifier are shown in Tables 3 to 5 . Here, the catalytic performance was evaluated based on the changes in key gas components after reforming. However, the estimated heat value is also shown in the Tables. The parameters of C conversion, H 2 conversion, and O conversion were calculated to verify the major elements transformed during the gasification and reforming processes. C 2 compounds were assumed to be the dominant hydrocarbon compounds, and were used for the C conversion calculation. From the raw gas compositions generated in various experiments, it was found that raw gases with a H 2 content ranging from 25 to 45% were typically converted in the gasification process at 1023 K. H 2 formation was strongly affected by the presence of steam; the more steam was injected, the higher the H 2 concentration became. However, C conversion and O conversion exhibited the opposite effect, decreasing with increasing steam. The increase in both the concentration and converted quantity of H 2 with increasing steam indicates that supplying steam directly into the gasifier promotes H 2 conversion from wood. H 2 was assumed to be generated from four routes in the gasification process; i.e., released from the decomposition of the raw material, converted from the water-gas reaction between steam and char, produced by the reforming of hydrocarbons, and produced by the shift reaction between CO and steam. The decreases in CO and hydrocarbons and increase in CO 2 with steam injection well proved the assumption that, not only in the reforming process, but also in the gasification process, the reforming reaction and shift reaction would occur. On the other hand, it was also found that the temperature of the decomposition zone decreased with increasing steam, causing a diminution in gas product. Thus, appropriate steam addition is considered to be favorable to H 2 generation, whereas an excessive steam supply will interfere with it.
The results showed that similar raw gases were generated from the gasification process under the range of operating conditions used, indicating that gasification had excellent repeatability. This was particularly evident in the experiments using the ISOP and G-90LDP catalysts (Tables 4 and 5 ). The difference in gas yield after reforming can therefore be concluded to be due to the difference in catalytic performance.
In the case of using C-11NK, the opposite change in H 2 concentration and H 2 conversion was found, where the H 2 content slightly decreased after reforming while the H 2 conversion increased. Since the contents of CH 4 and other hydrocarbons as well as CO also increased as the H 2 content decreased, and an increase in gas yield was confirmed as well, this phenomenon was assumed to be due to C-11NK mainly promoting the tar cracking reaction but not the steam reforming of tar. Consequently, a large amount of light hydrocarbons and CH 4 were released as the products of tar cracking. This suggests that H 2 is converted from the reforming and deep cracking of tar (hydrocarbons) during reforming.
However, since the temperature was as low as 1023 K, the tar cracking progressed no further than incomplete cracking, leading to the slight decrease in the content of H 2 . Component analysis of the tar revealed that phenols, which were produced in significant amounts in the gasification tar yields, almost completely decomposed after reforming. This suggests that these phenols are a source of hydrocarbons and CO. To summarize, C-11NK is not effective for H 2 production, even though H 2 conversion can certainly be promoted by C-11NK and an increment of H 2 product was achieved.
Unlike C-11NK, both ISOP and G-90LDP, which contain CaO, exhibited excellent performance in promoting H 2 conversion. G-90LDP was found to be particularly effective.
When ISOP was used in the reforming process, the H 2 content sharply increased and there was a slight decrease in hydrocarbons. However, this increasing tend gradually disappeared when steam was injected at an S/C ratio of more than 3.0, and finally an increase in CH 4 and other hydrocarbons appeared with the maximum steam injection. This indicates that ISOP has a certain promotion effect on H 2 generation in terms of increasing both the content of H 2 and its conversion. In particular, the rate of H 2 conversion increased to double the rate of gasification. The increment of H 2 product was assumed to be mainly due to conversion during the reforming of tar and hydrocarbons. A decrease in tar was confirmed; this is described in greater detail later. The consumption of steam was confirmed from the changes in O conversion during the reforming process. That is, more oxygen element was converted into gas than was carried into the system by feedstock, so the conversion of oxygen became larger than 100% after reforming. Thus, part of the oxygen element in the reformed gas was contributed by steam, indicating that steam plays an important role in the reforming reaction.
On the other hand, a decline in H 2 content was found accompanied by an increase in hydrocarbons when steam injection was increased to an S/C ratio of 3.8. Since the experiment was performed continuously with regular increases in steam, this phenomenon was assumed to be due to a short-term deactivation that occurred after several hours of use. Such an event could stop the reforming reaction and result in incomplete tar cracking, leading to changes in the gas similarly to the case of using C-11NK. Since the Ni contents of C-11NK and ISOP were almost the same, the catalytic performance of ISOP in promoting the reforming reaction was concluded to be contributed by the CaO constituent. This conclusion was further verified by the results obtained with G-90LDP.
In the case of G-90LDP, whose CaO content (13wt%) is higher than that of ISOP, the catalytic performance was significantly better than that of ISOP. From the results obtained with G-90LDP shown in Table 5 , it can be seen that both H 2 concentration and conversion were significantly promoted after the reforming process. Not only did the H 2 content increase from 25-45% to 50-55%, but the H 2 conversion was also about four times higher than the gasification. In particular, the highest H 2 content of 57% and maximum H 2 conversion of 131% (based on the feedstock) were achieved with injected steam having an S/C ratio of 1.7. It is worthy of note that the opposite tendency occurred between the contents of CO and CO 2 ; i.e., the content of CO was higher than that of CO 2 in both the raw gas and reformed gas.
The shift reaction between CO and H 2 O suggests a sharp decrease in CO concentration. This phenomenon was significantly promoted by G-90LDP, which resulted in a considerable increase in H 2 and CO 2 concentrations. Decreases in CH 4 and other hydrocarbons were observed, and this was assumed to be due to their steam reforming reactions promoted by G-90LDP. Methane is difficult to crack under low-temperature conditions, and may be increased by the decomposition of hydrocarbons during the cracking reaction as a product. Under the experimental conditions with S/C ratios of 0.9-3.3, O conversion exceeded 100%, which indicated that part of the O element in the gas product was contributed by steam. Moreover, H 2 conversion from the feedstock at an S/C ratio of 1.7 was higher than the theoretical value of 100%, which might be due to the influence of steam reactions with CO or hydrocarbons. Since the lowest hydrocarbon content and highest H 2 content in the synthesis gas were generated using this catalyst and the maximum H 2 was obtained from waste wood, G-90LDP is considered to be the most efficient among the three types of catalysts for H 2 production from waste wood. The excellent catalytic performance of G-90LDP was observed in promoting both the shift reaction and the reforming reaction. This is considered to be due to the appropriate content of CaO component in the catalyst (Table 2 ). The results of the experiments, in which only a certain catalytic effect promoting H 2 conversion was obtained by ISOP (CaO content: 6 wt%) whereas the catalytic performance of G-90LDP (CaO content: 13 wt%) was significantly better, show that the presence of CaO and its content dominate the catalytic activity. As regards the mechanism by which CaO promotes the reforming reaction, it is assumed that the presence of CaO in the catalyst allows hydrocarbons (i.e., tar) and steam to readily become attached to the catalyst surface, giving them a greater opportunity to react with each other and thus promoting the reforming reaction, resulting in effective H 2 conversion.
The heat values obtained with gasification and reforming using the three catalysts did not differ greatly. This was because H 2 , the dominant component of the gas, had a low heat value and CH 4 and C n H m , the components with high heat values, were less abundant. The effect of oxygen on H 2 conversion was examined using G-90LDP in the reforming process at 1023 K with the ER increasing from 0 to 0.15 and an S/C ratio of 4.1. The results are shown in Fig. 2 . Thermal energy can be supplied by the incomplete combustion of raw materials and tar in the gasification process and by the supply of oxygen in the reformer, to achieve energy self-sufficiency in the system. Therefore, the ER is designed to be in the range of 0.35-0.5 in a typical gasification system (15) . However, since the activated kinetic energy of the gas components is normally lower than that of the raw materials and tar, the gaseous yields were first oxidized. This caused a decrease in the combustible gases in the product; in particular, H 2 is the most easily consumed in theory. Indeed, in Fig. 2 it can be seen that the H 2 content declined with increasing ER. Without oxygen, about 52vol% of H 2 was generated. However, this value slightly decreased to 48vol% when the ER was increased to 0.1, and then sharply decreased to below 42vol% when the ER was increased further to 0.15. H 2 is oxidized with oxygen and the more oxygen is added, the more the H 2 content declines. It was found that the H 2 content fell to below 40vol% when the ER was larger than 0.15. A decrease in hydrocarbons was also found with increasing oxygen. These findings led to the conclusion that the gas product would not be feasible for use in fuel cells in terms of the content of impurities. Therefore, control to realize the optimum ratio between steam and oxygen addition will be favorable for maintaining a certain level of H 2 and eliminating impurities, whereas a negative effect on H 2 conversion will be caused by excessive oxygen addition.
Since it is considered difficult to achieve the thermal energy for self-sufficiency in such a process solely by providing a limited supply of oxygen to the reactor, a special combustion chamber is necessary for burning char to supply sufficient energy from outside the reactor. Therefore, against the high carbon conversion requirement in a typical gasification system, appropriate control of the gasification process to maintain sufficient char for combustion is highly important in designing a hydrogen-rich synthesis gas production process. This methodology of optimally designing the operating conditions has been proposed for biomass gasification (16) .
Tar formation and decomposition characteristics
In a commercial gasification system, tar is considered to be an undesirable substance that tends to cause serious problems such as gas line clogging as well as damage to end-use devices. For complete tar cracking, it has been suggested that the temperature needs to be controlled so as to be above 1273 K (17) . In the case of catalytic gasification, the temperature is normally maintained at lower than 1123 K to prevent deactivation of the catalyst due to the occurrence of sintering. In the present study, tar was expected to be effectively decomposed by the three types of catalyst used at an even lower temperature condition of 1023 K, and their catalytic effects on promoting tar decomposition were evaluated through a comparison with non-catalytic gasification. The results are shown in Fig. 3 .
Tar level (g/m N of tar remained in the synthesis gas. Using C-11NK, ISOP, and G-90LDP, however, tar was efficiently decomposed to 10, 8, and 3.8 g/m 3 N , respectively, demonstrating that the G-90LDP catalyst has a superior tar decomposition capacity of about 80%. The reason was assumed to be the existence of 13wt% of CaO in the catalyst ( Table 2) . As mentioned earlier, C-11NK was verified to have no effect on promoting the steam reforming of hydrocarbons despite its content of K 2 O compound, while ISOP had a limited effect, probably due to its CaO content of only 6wt%. Similarly to the case of light hydrocarbons, tar decomposition is also dominated by steam reforming under such a low-temperature condition. Tar was therefore effectively decomposed by G-90LDP due to its high catalytic performance in promoting the steam reforming reaction. The results suggested that the steam-reforming reaction of C n H m was generated as shown below:
CnHm + nH 2 O → nCO + (n+m/2)H 2 (1) CH 4 + H 2 O → CO + 3 H 2 (2) In these reactions, CaO may have an additional catalytic action with Ni, the main catalytic component. The efficiency of CaO with respect to tar decomposition has also been reported by other researchers (18) - (20) . Furthermore, in our recent study, it was demonstrated that tar could be further decomposed below 200 mg/m 3 N by loading CaO upstream of G-90LDP at 1023 K.
Dioxin formation characteristics
The formation of dioxins depends on the existence of C and Cl sources in the oxidative atmosphere. Because of the oxygen-deficient condition in the gasification process, dioxin formation may be limited to the lowest level. Dioxin formation was investigated under four temperature conditions from 873 K to 1023 K. The dioxin concentration and decomposition ratio are summarized in Fig. 4 . Fig. 4 Changes in dioxin concentration and decomposition ratio with temperature in the gasification and reforming processes Some apparent experimental facts are seen in this figure. First, the concentration of pyrolysis gas at 873 K was 200 ng/m 3 N , which is 3.5 ng-TEQ/m 3 N in toxic equivalency quantity. This value was beyond the estimation based on the general assumption described above. Despite the absence of oxygen in the carrier gas, oxygen in the raw material could be supplied to the formation reactions of dioxins in limited areas. Second, the concentrations of both the pyrolysis gas and reformed gas were significantly temperature dependent and as the temperature rose, the concentrations dropped. Further, the decomposition ratio increased with temperature and approximately 99% of dioxins were decomposed when the temperature exceeded 973 K.
On the other hand, the levels of heavy metals were too low to be detected. The typical lower detection limit of Cd, Pd, Cu, and Cr was designed to be 0.05 mg/m 3 N , while that of As and Hg was 0.005 mg/m 3 N . Such low levels of heavy metals were assumed to be mainly attributable to two factors, the first being that the temperature of gasification was so low as to limit the evaporation of heavy metals from the raw material into the gaseous phase, and the second being that the gaseous phases of heavy metals were captured by the catalyst and deposited on its surface as the raw gas passed through the catalyst layer. This low-temperature process for H 2 production is therefore considered to not have any impact on the environment from the discharge of heavy metals. However, it is necessary to make efforts to find an effective measure to completely remove dioxins from the gas product. Utilizing a dioxin decomposition catalyst in the downstream area may be a promising 
Conclusions
The experimental results indicated that synthesis gas containing more than 50vol% of H 2 can be efficiently produced from waste wood via gasification and reforming technology at 1023 K with a Ni-based commercial reforming catalyst containing 13wt% of CaO. The catalytic performance significantly depended on the catalyst composition, particularly the presence of alkali metal oxide in the catalyst. It was clarified that, with respect to the reforming reaction, the thermal cracking of tar can be promoted by K 2 O present in a Ni catalyst with an increase in light hydrocarbons and a diminution of H 2 content. CaO was confirmed to be an excellent promoter of both the shift reaction of CO and steam as well as the reforming reaction of tar and light hydrocarbons, which resulted in high catalytic performance. In particular, the G-90LDP catalyst exhibited the highest catalytic performance among the three catalysts tested, with a maximum H 2 content of 57vol% in synthesis gas generated from waste wood at 1023 K.
Appropriate steam and oxygen supplies are favorable for H 2 conversion, and a larger quantity of H 2 can be generated by supplying steam directly into the gasifier rather than the reformer. On the other hand, appropriate oxygen addition can oxidize hydrocarbons to a low content, whereas an excessive oxygen supply will lead to a decrease in H 2 content, limiting the amount of gas product available to be utilized by the fuel cell.
Tar can be efficiently decomposed by Ni-based catalysts. G-90LDP exhibited the highest effect among the three catalysts, achieving the lowest tar level with about 80 wt% of tar eliminated. A promising approach for clean gasification was suggested by locating CaO upstream of the Ni catalyst, and this has been demonstrated to be very effective in our recent study.
A moderate level of dioxins was synthesized from this H 2 production process. Temperature seems to play the dominate role in dioxin formation. By increasing the operating temperature from 873 to 1023 K, approximately 99% of dioxins were efficiently decomposed. Utilization of a dioxin decomposition catalyst is considered to be a promising approach. On the other hand, the level of heavy metals in the gas product was confirmed to be very low with the use of the catalyst at low temperature in the reformer, and thus their discharge is considered to have a low impact on the environment.
